Abstract -This paper presents a new robust controller design approach to the yaw control of a small-scale helicopter mounted on an experimental platform. The yaw dynamic system is linearized into a linear system, which is modelled by an affine uncertainty model. We proposed a novel robust LQR feedback controller with adaptive mechanisms for the linear system with guaranteed control performance. The feedback gains are obtained by the solutions of a series of linear matrix inequalities (LMIs). The design approach reduces conservatism inherent in robust control with a fixed gain controller and improves performances in time-response. Numerical simulations illustrate the theoretical developments.
I. INTRODUCTION
Rotorcraft-based unmanned aerial vehicles (RUAVs) have unique flight capabilities such as hover, vertical takeoff/landing, pirouette, and side-slip, which cannot be achieved by conventional fixed-wing aircraft. These characteristics make helicopters invaluable for terrain surveying, surveillance and clean-up of hazardous waste sites. Helicopter flight control system design has been dominated by linear control techniques. The last decade has witnessed remarkable progress in RUAV research including modelling [1] , control theory [2] [3] [4] , which are based on the accurate and fixed model. Recently, a considerable amount of work has been done to design robust controllers for linear system with parameter uncertainty. Since an adequate level of performance is required in practice, recent literatures have focused on quadratic stabilizing control with some performance such as LQR , H or H 2 [5] [6] [7] disturbance attenuation and closed-loop pole location based on LMI or other methods.
The LQR approach has the advantage of providing an upper bound on a given performance index and thus the system performance degradation incurred by the uncertainties is guaranteed to be less than this bound. Based on this idea, many significant results have been proposed [8] [9] . It has recently been emphasized that many problems arising in system theory can be cast into the form of LMIs, which belong to the group of convex problems, and thus one can not only efficiently find feasible and global solutions to them via interior-point methods, but also easily handle various kinds of additional linear constraints. So, the effective method which can deal with LQR problem is the linear matrix inequality (LMI) method [10] [11] .
While a single controller with a fixed gain is considered, the resulting controllers designed by these methods inherently become conservative. On the other hand, adaptive control [12] theories have been long developed as controller design methodologies for system with uncertainties. The typical adaptive control scheme is the parameter adaptive control, in which unknown parameters are estimated explicitly, and control parameters are determined based on these estimates. However, even in the so-called "ideal case", a stable adaptive controller doesn't necessarily guarantee good transient response.
It is worthwhile considering incorporate some kind of adaptation mechanism into robust control methods. In this paper, we deal with the yaw control problem of a small-scale helicopter mounted on an experimental platform. The helicopter yaw dynamic can be modelled by an affine uncertainty model. Based on the general affine uncertainty linear model, a simpler structure robust controller based on LMI method and indirect adaptive method is given, which aims to reduce conservatism inherent in fixed gain and to improve transient behaviour even in existence of disturbance. Then we apply the controller to the yaw control of small-scale helicopter. Both linear and nonlinear simulations of yaw dynamic model are performed, and the effectiveness of the proposed method is demonstrated.
II. YAW DYNAMIC OF SMALL-SCALE HELICOPTER

A. Modelling yaw dynamics
In this paper a framework of the simulation model for the helicopter-platform is set up using rigid body equations of motion of the helicopter fuselage. In this way the effect of the aerodynamic forces and moments acting on the helicopter are described. The total aerodynamic forces and moments acting on a helicopter can be calculated by summing up the contributions of all components on the helicopter, which include main rotor, tail rotor, fuselage, horizontal stabilizer and vertical fin. So, the yaw dynamics has the form [13] : 
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Similarly, the force of the main rotor is :
where,
The torque generated by main rotor is:
where , , a 
where R, mr are respectively, radial and pitch angle of main rotor.
B. Simplified model
From (2) we can see that there exist couplings between main rotor torque Q mr and tail rotor thrust T tr . And (5) and (6) further demonstrate that the models are highly nonlinear and too complex to be used for control design. Instead of the dynamics described by (5) and (6), a simplified model is proposed for control design.
By plotting the torque vs pitch angle, we can find that relation between Q mr and mr approximated with quadratic Similarly, the lift of tail rotor, tr T (see Fig.3 ), can be written:
Then we can obtain the following nonlinear model:
The nonlinear dynamic can be presented by a state space description : 
III ADAPTIVE ROBUST CONTROL DESIGN
In this section, we propose the control design method which is general for a linear time-invariant affine uncertainty model described by [ ]
The control design considered in this paper is to find a algorithm such that: Here, the controller is designed as: 1 2 , the following linear matrix inequalities hold: 
where, * denotes the symmetric part, 
Pr oj{} [13] denote the projection operator whose role is to project the estimates ˆ( ) i t to the interval[ ] i i .Then the following controller stabilizes the closed-loop augmented system (13)
Furthermore, an upper bound of performance index (11) is given by
Proof: By the Schur complement formula, (14) is equivalent to 
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We have the following equality
where ( ) ( )
Then from the derivative of ( ) V t along the closed-loop system (13) we can get
We choose the adaptive laws as (15), then
V t x t M M x t x t PB t (20)
According to Lyapunov stability theorem, it can be assume that a 0 , when only the stability for system (13) is concerned. Then from (18) and (20), we conclude that the controller ( ) ( ) ( ) u t K x t stabilized the augmented system(13) . Furthermore, from (17),
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We can choose i l relatively large so that 
This completes the proof.
It is noted the above Theorem gives sufficient condition guaranteeing the closed-loop system (13) 
The following is an algorithm to minimized the upper bound of the performance index J t :
The upper bound of the performance index J t is minimized if the following optimization problem is solvable min Trace (T) s.t. (14) 0
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IV. SIMULATIONS
The proposed control algorithm is verified by the simulation model obtained from the helicopter-on-arm platform, shown as Fig.1 . A small-scale electrical helicopter is mounted at the end of a two-DOF arm, while the weight of the helicopter is perfectly balanced at the other side of the arm. First, the parameters of the nonlinear yaw dynamic model are identified by least square method, and followings are the result: to track the desired value -20 degree in presence of disturbance at 3 second. After the second pulse disturbance takes place, converges to the tracking command quickly. The response curve of r is given in Fig.3b . It is easy to see that using our adaptive robust controller the closed-loop nonlinear system is stable and has zero tracking error even in presence of disturbance.
We have also implemented PID control method on the nonlinear model. The parameters of PID control are: 0.01, 0.000025, 0.025
, which are real parameters for our experiments. Tracking results are shown in Fig. 4 . From Fig.4 , we can see that PID control can't track the desired command, and the best tracking result of fixed gain controller is not as good as under our proposed method. Summarizing these simulations, it is noted that the proposed adaptive robust controller design method can improve the system performance in the presence of uncertainty and disturbance. In this paper, we investigate a new robust controller design approach to the yaw control of a small-scale helicopter mounted on an experimental platform. The yaw dynamic system is linearized into a linear system, which is modelled by an affine uncertainty model. We proposed a novel robust LQR feedback controller with adaptive mechanisms for the linear system with guaranteed control performance. The feedback gains are obtained by the solutions of a series of linear matrix inequalities (LMIs). The design approach reduces conservatism inherent in robust control with a fixed gain controller and improves performances in time-response. Numerical example and its simulations show the effectiveness of the proposed method.
